Fructose-1,6-bisphosphatase (D-fructose-1,6-bisphosphate 1-phosphohydrolase, EC 3.1.3.11) from the cortex of pig kidney and its complexes with either fructose 2,6-bisphosphate (Fru-2,6-P2) or adenosine monophosphate (AMP) have been crystailized in the space group P3221. The threedimensional structure of the native enzyme has been solved at 3.0A resolution by the multiple isomorphous replacement method and refined at 2.8A resolution to a crystallographic R factor of 0. 
Fructose-1,6-bisphosphatase (Fru-1,6-Pase; D-fructose-1,6-bisphosphate 1-phosphohydrolase, EC 3.1.3.11), a key regulatory enzyme in gluconeogenesis, catalyzes the hydrolysis of fructose 1,6-bisphosphate (Fru-1,6-P2) to fructose 6-phosphate and inorganic phosphate. The catalytic and regulatory properties of the enzyme isolated from gluconeogenic tissues have been studied extensively (1) (2) (3) . However, little is known about the three-dimensional structure of this tetrameric enzyme composed of four identical polypeptide chains. Seven complete amino acid sequences have been reported for pig kidney (4), sheep liver (5), yeast Saccharomyces cerevisiae (6) , yeast Schizosaccharomyces pombe (6) , Escherichia coli (7), wheat chloroplast (8) , and rat liver (9) Fru-1,6-Pase. The activity of Fru-1,6-Pase is controlled by the action of two inhibitors, AMP and fructose 2,6-bisphosphate (Fru-2,6-P2) and by alteration of mRNA supply (9) . The inhibition by AMP is allosteric (10) , but the mechanism of Fru-2,6-P2 inhibition is unresolved. Contrasting views suggest Fru-2,6-P2 binding to the active site, to an allosteric site, or to both (11, 12) . Preliminary x-ray crystallographic studies have been reported on Fru-1,6-Pase crystals from chicken liver (13) , turkey liver (14) , rabbit liver (15) , and pig kidney (16) . Progress on collection of x-ray diffraction data from the rabbit liver enzyme has been reported (17) .
We have grown crystals of native pig kidney Fru-1,6-Pase in the space group P3221. In addition, crystals of its complexes with either Fru-2,6-P2 or AMP have been grown in a form isomorphous to the native crystals. The three-dimensional structure of the native enzyme has been determined by the multiple isomorphous replacement (MIR) method. The binding sites for Fru-2,6-P2 and AMP have been identified by difference Fourier techniques. Here, we report the general structural features of the enzyme; its secondary, tertiary, and quaternary structures; and the binding sites for Fru-2,6-P2 and AMP. A more complete structure and the details of structure determination will be published elsewhere.
METHODS AND RESULTS
Pig kidney Fru-1,6-Pase was purified by using the modified method of Colombo and Marcus (18 Heavy-atom positions for the four derivatives were located by the difference Patterson method and refined by the MIR method (20, 21) . A molecular twofold axis relating the two subunits in the asymmetric unit was initially calculated from the heavy-atom positions and refined by the method of least squares (22) . Most of the a-helices and 3-sheets were recognizable in the MIR map at 3.0-A resolution. This map was further improved by several methods: the modified procedure of Wang's solvent flattening (23) , the averaging of density related by the molecular two-fold axis (24) , and the combination of the averaged phases and the MIR phases (23, 25) . All of the three maps showed significant improvements over the MIR map in terms of lower noise level, clearer molecular boundaries, and more recognizable side chains.
All of the electron density maps were calculated by a fast
Fourier transformation program (26, 27) . The Fo map calculated from the combined phases was used to trace the structure, while the other maps from the solvent flattening or the averaging or the MIR method were referred to for some ambiguous regions. The initial model for the native Fru-1,6-Pase structure was built by using the interactive computer program FRODO (28), which is linked to an Evans and Sutherland PS300, and refined by the program XPLOR (29) lution. The peaks of heavy atoms in the maps were strong and easily interpreted. To coordinate the origins for the different derivatives and for the different sites in each derivative, the phases from one site of the uranyl acetate derivative were used to locate the other three sites, and then these four sites were used to locate heavy-atom sites of the other derivatives. The MIR phases from the four derivatives were good enough to locate the binding sites of Fru-2,6-P2 and AMP, although the averaged figure of merit was only 0.53. To obtain slightly better phases, the Fru-2,6-P2 complex was artificially taken as an iodine derivative (Table 2) , and the final averaged figure of merit increased to 0.56. In the absence of anomalous scattering, the diffraction data do not differentiate between the space groups P3221 and P3121. Also, for each space group, the peaks in the difference Patterson map can be interpreted as the heavy-atom positions with either positive signs or negative signs due to the center of symmetry in the Patterson space. To resolve these ambi- The temperature factors were set to 0.0 and not refined.
*Artificial derivative at the positions of Fru-2,6-P2.
guities, the figures of merit for the normal data ofthe UO2Ac2 and TbCl3 derivatives were calculated and compared. Two possibilities, the negative sites in P3121 and the positive sites in P3221, had obviously low figures of merit and were ruled out. To select the proper enantiomer, we used the anomalous scattering data of the uranate derivative in Wang's procedure, which showed faster convergence of the R factor in a few cycles of the flattening procedure for the correct enantiomer. Our final choice was the space group P3221. This choice was confirmed by the presence of right-handed a-helices in the electron density. The pig kidney Fru-1,6-Pase amino acid sequence of Marcus et al. (4) has been used to trace the structure except for the replacements of Glu-156 by a glycine residue and Glu-228 by a glutamine residue, according to an updated sequence. In the initial stage, the noncrystallographic molecular twofold axis was marked in the map, and the density for one subunit was traced as four fragments of polyalanine, which corresponded to residues 10-53, 70-90, 130-230, and 248-335. To identify the correct sequential residues, aromatic side chains were locked into the density and then detailed tracing was initiated in both directions. The a-helix polarities in fragments 28-53 and 248-335 strongly indicated the direction of the polypeptide chain. These polarities and the recognizable aromatic side chains together greatly reduced possible ambiguities of tracing. Proline was also used as a chain marker because of its special shape and abundance in the enzyme. Even glycine was a good marker in wellresolved regions. Several alternative traces for each fragment were tried. If no serious violations occurred, a fragment of sequence longer than 20 residues was fixed. A serious violation can be defined as Van der Waals contacts shorter than 2.0 A, a large percentage ofhydrophobic residues having poor density, or a charged side chain closely interacting with hydrophobic groups. The four fragments were finally connected into two: one from Thr-1 through Ile-53 and another from Asp-74 through Ala-335, although the density in the region from Asp-74 through Cys-128 was not well resolved. Another subunit (polypeptide chain) in the asymmetric unit magnitude of reflections related by crystallographic symmetry.
tComplex of the enzyme with Fru-2,6-P2 or AMP. fBijvoet pairs were unmerged. was then generated by transforming the built subunit by using the molecular twofold axis.
This initial model was refined by the program XPLOR at 3.0-A resolution to an R factor of 0.232. However, the map calculated from the refined model supplied no new information, possibly because of the limitation of the 3.0-A resolution. The phases from the refined structure were further improved by averaging over noncrystallographic symmetry at 2.8-A resolution. This averaged map showed much better resolution of density at the regions around Lys-109 and Asp-127 and indicated that the trace from Asp-74 through Cys-128 should be adjusted. The rebuilt model, including residues 6-53 and 68-335, was refined at 2.8-A resolution to an R factor of0.203.
The last stage of model building included corrections of the configurations of some amino acids in the structure, and final refinement at 2.8-A resolution yielded an R factor of0.194 and the averaged root-mean-square deviations of 0.023 A and 4.70 for the bond lengths and bond angles, respectively.
THE MOLECULAR STRUCTURE
No peak for a metal ion was found in the electron density map. The total of 316 residues that were traced aggregate into a single domain that has a hexahedral shape, with two parallel trapezoidal faces having an upper side of about 23 A, a lower side of about 35 A, and a height of about 50 A. The thickness between the two trapezoids is about 35 A. Two adjacent subunits in the asymmetric unit resemble a truncated pyramid. The other half of the tetramer interacts at the bottom of the truncated pyramids so that the whole molecule looks like a pseudohexagonal disk with a thickness of 35 A. The tetramer has D2 symmetry (Fig. 1) .
One subunit consists of eight a-helices, 13 ,8-strands, and five ,-turns, corresponding to a content of 33.4%, 23.0o, and 6.0%, respectively. The secondary structure is schematized in Fig. 2 . The elements of the secondary structure are packed into five layers ( Fig. 2 and Fig. 3) . Helices of H1, H2, and H3 are parallel at the bottom of the pyramid, while a p-sheet of 8 strands stacks over the a-helices forming a second level so that the backbone orientation of the sheet is parallel to the axes of the a-helices. This sheet can be divided into two portions: the first half consists of B1-B4 (Cys-92 through Tyr-139) and is interrupted by two random coils (Fig. 2) , while the second half consists of B5-B8 (Val-160 through Val-200) and shows a regular alternation of p-strands and p8-turns. Most residues of the P-sheet in the second level are hydrophobic, and the helices at the first level orient their hydrophobic side chains toward this sheet to make favorable nonpolar interactions, thus forming a hydrophobic core. The third level is made up of two a-helices, H6 and H7 (Fig. 3) . A proline residue in the middle ofthe helix H7 slightly distorts this helix. The fourth level is a p-sheet of 5 strands, a mixture of parallel and antiparallel strands from B9 through B13, which are parallel to the axes of the a-helices at the third level. Another hydrophobic core is formed by the interac- Fig.  1 . In the sequence of the chloroplast Fru-1,6-Pase (8) , there is an extra fragment between residues 140 and 150, which can be placed at the molecular surface around the loop containing residue 147 in our structure.
tions of the hydrophobic side chains from the helices in the third level and the strands in the fourth level. Finally, two a-helices, H5 and H8, cover the top ofthe truncated pyramid.
DISCUSSION
In the difference Fourier map between the native enzyme and its Fru-2,6-P2 complex, there are two approximately equal strongest peaks (more than 6 times the background average) in the crystallographic asymmetric unit, suggesting that Fru-2,6-P2 binds at one site per subunit under those conditions ofcrystallization. The binding site (Fig. 3 and Fig. 4) Inspection of the primary sequences ofthe seven published Fru-1,6-Pases (4-9) reveals that 14 of the above 18 residues are conserved in comparison with the sequence homologies of only about 47% among the mammalian and yeast enzymes (6) and only about 45% among the mammalian and chloroplast enzymes (8) . In fact, all of the residues that are directly interacting with Fru-2,6-P2 or located at the negatively charged pocket are conserved, including Lys-274, a residue presumed from chemical modification data to be located at the active site of Fru-1,6-Pase (4). Conservation of the above residues also extends to the sequence of spinach leaf chloroplast Fru-1,6-Pase (F.M., unpublished results), a fact that strongly suggests that binding of Fru-2,6-P2 occurs at the active site (30) . Although the mechanism of inhibition of Fru-1,6-Pase by Fru-2,6-P2 is controversial, with views in favor of Fru-2,6-P2 binding to the active site (30) (31) (32) (33) (34) (35) , to a distinct allosteric site (36-38), or to both (39, 40) , most workers in the field favor the idea of Fru-2,6-P2 binding to the enzyme's active site. The present results indicate that binding of Fru-2,6-P2 at two distinct sites, the catalytic site and an allosteric site (39) , is unlikely because only one site per subunit was found in our difference Fourier map and also in the binding studies (34, 41) . Another hypothesis suggests that Fru-2,6-P2 could interact perhaps with both catalytic-site residues and allosteric-site residues (40) ; however, our model reveals a distance of more than 30'A between the Fru-2,6-P2 and AMP sites. This distance excludes simultaneous interaction of Fru-2,6-P2 at both sites.
We suggest that Fru-2,6-P2 binds to the active site and that the negatively charged pocket is an ideal site for a catalytic metal ion (2) . Moreover, a magnesium ion interacting with both the negatively charged pocket and a phosphate group of Fru-2,6-P2 has been identified in the difference Fourier map between the native enzyme and its cocrystal with magnesium, a result that we shall report elsewhere.
Two major sites per tetramer for the binding of AMP have been identified in the difference Fourier map between the native enzyme and its AMP complex. Some density was visible at the position related by the molecular twofold axis and was about 30% as strong as its noncrystallographically related mate. Kinetically, the bovine liver enzyme appeared to show two sites for AMP binding (42) , but two additional sites were observed when the concentration of AMP was raised to 0.2 mM (43). This result is consistent with our crystallographic study. However, we cannot rule out a crystallographic influence on the unequal binding of AMP at the two pairs of sites per tetramer. The major AMP site interacts with Asn-142 from an adjacent tetramer in the crystal, while the minor site does not. Four sites for AMP binding per tetramer were reported (41, 44) , but the saturation of these sites is more readily achieved in the presence of the substrate (45) .
Our preliminary data suggest that AMP is near backbone and side-chain atoms of residues Val-17, Gln-20, Gly-21, and Ala-24 through Met-30, while residues Lys-112, Tyr-113, Arg-140, and Met-177 present nearby side chains (Fig. 5) . Based on this binding geometry, it is not surprising that the so-called alkaline form of the enzyme, which is "nicked" at or near residue 60, shows decreased AMP binding and inhibition (1) . Furthermore, the removal of residues 1-25 of pig kidney Fru-1,6-Pase results in the formation of an active AMP-insensitive enzyme (46) . The UV difference spectrum of Fru-1,6-Pase induced by AMP showed two maxima at 288 and 279 nm that were interpreted as perturbations in the environment of tyrosine residues (40). Our structure suggests that this UV change may be contributed from Tyr-113, which is conserved throughout all known sequences. site. The lighter lines represent the residues from subunit C1, while the darker lines represent the residues from the next subunit (C2). The orientation of the plot is the same as that in Fig. 3 .
